Yeast mitochondria, incubated with radioactive amino acids in a "protein-synthesizing mixture" containing an oxidizable substrate and an ATP regenerating system, have been shown by sodium dodecyl sulfatepolyacrylamide gel electrophoresis to incorporate label into polypeptides equivalent in molecular weight and relative amount to those made in vivo in the presence of cycloheximide. The ability of these isolated mitochondria to synthesize "native" polypeptides was assessed by examining the incorporation of label into subunits of cytochrome c oxidase (EC 1.9.3.1). An The biogenesis and assembly of a respiratory competent mitochondrion results from the joint expression of two distinct genetic systems, mitochondrial and cytoplasmic, composed of two discrete genomes and two physically separated protein synthetic systems. Although the means by which the expression of these two genetic systems is mediated is, as yet, uncertain, recent studies have revealed the importance of the coordinated functioning of mitochondrial and cytoplasmic protein synthesis in mitochondrial biogenesis. This coordination is particularly obvious for three complexes of the inner mitochondrial membrane-cytochrome c oxidase, cytochrome b, and oligomycin-sensitive ATPase-whose synthesis and assembly requires translation products from both mitochondrial and cytoplasmic protein synthetic systems (1-5).
The biogenesis and assembly of a respiratory competent mitochondrion results from the joint expression of two distinct genetic systems, mitochondrial and cytoplasmic, composed of two discrete genomes and two physically separated protein synthetic systems. Although the means by which the expression of these two genetic systems is mediated is, as yet, uncertain, recent studies have revealed the importance of the coordinated functioning of mitochondrial and cytoplasmic protein synthesis in mitochondrial biogenesis. This coordination is particularly obvious for three complexes of the inner mitochondrial membrane-cytochrome c oxidase, cytochrome b, and oligomycin-sensitive ATPase-whose synthesis and assembly requires translation products from both mitochondrial and cytoplasmic protein synthetic systems (1) (2) (3) (4) (5) .
Recently, it has been shown by studies in vivo with whole cells that cytochrome c oxidase (EC 1.9.3.1; ferrocytochrome c: oxygen oxidoreductase) from Saccharomyces cerevisiae (3, 4)? and Neurospora crassa (6) is composed of three polypeptides translated on mitochondrial ribosomes and four polypeptides translated on cytoplasmic ribosomes. In both S. cerevisiae and N. crassa, this duality of origin is reflected in the chemical properties of the polypeptides themselves: the mitochondrially made polypeptides are hydrophobic and are, presumably at least, partially buried in the membrane lipid bilayer, whereas the cytoplasmically made polypeptides are relatively hydrophilic (6, 7) . Although the functions of these polypeptides remain obscure, genetic and immunological studies with the yeast enzyme strongly suggest that all seven polypeptides are bonafide subunits of cytochrome c oxidase (8) .
In order to study mitochondrial protein synthesis in more detail and its coordination with cytoplasmic protein synthesis, we have sought to establish a mitochondrial protein synthetic system in vitro from yeast that is capable of synthesizing complete and "native polypeptides." After analyzing, by sodium dodecyl sulfate (NaDodSO4)-polyacrylamide gel electrophoresis, the polypeptides made in several previously described mitochondrial systems in vitro, we have found that a system modified from Grivell's (9) faithfully mimics yeast mitochondrial protein synthesis in vivo. We have been able to show that the three large subunits, I-III, of cytochrome c oxidase are translated in vitro in this system and that the polypeptides synthesized in vitro are integrated with the cytoplasmically made subunits, IV-VII, into a holoenzyme. MATERIALS (12, 13) .
Immunoprecipitation of Cytochrome c Oxidase. The isolation of cytochrome c oxidase by immunoprecipitation was performed as described (13) . Antisera used for this study were prepared and characterized as described by Poyton and Schatz (8) . The antiserum against the holoenzyme crossreacted with cytochrome c oxidase subunits I, II, IV, V, VI, and VII while antiserum against subunits V+VII crossreacted with only subunits V and VII.
Miscellaneous Procedures. Published procedures were followed for measurement of mitochondrial protein synthesis (9) and protein (14) , and for determination of the radioactivity of polyacrylamide gels (13) . Polyacrylamide gel electrophoresis in NaDodSO4 was carried out in the discontinuous buffer system described (7). Fig. 2 , using an antibody (8) to the holoenzyme (top) and an antibody to subunits V and VII (bottom). The immunoprecipitates were analyzed on NaDodSO4-polyacrylamide gels as described in Materials and Methods. The arrow marks the position of the dye front. *, In vitro; X, in vivo.
RESULTS
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itation from cells labeled in vivo. This finding, together with the similarity in stoichiometries of these three polypeptides for mitochondria labeled in vivo and in vitro, strongly suggests that isolated mitochondria in our in vitro system are capable of synthesizing complete polypeptide subunits of cytochrome c oxidase.
While the electrophoretic pattern shown in Fig. 3 (top) is quite reproducible, occasionally a fourth peak of radioactivity is observed. Since this peak generally represents only a small percent of the total immunoprecipitable radioactivity and migrates with an apparent molecular weight of 6,000-10,000, it most likely consists of either incomplete polypeptide chains or proteolytic degradation products of subunits I, II, or III. The presence of this low molecular weight material in immunoprecipitates always coincided with the presence of similar low molecular weight material in NaDodSO4 gel electrophoretic patterns of total membrane proteins.
Integration immunoprecipitates from mitochondria labeled in vivo, are fully integrated (15) , and that the decrease in the percentage of radioactivity precipitated by antiserum against subunits V+VII relative to antiserum against holoenzyme merely reflects a lesser number of antibody-antigen components in the system (8), we have used the ratio of radioactivity precipitated by anti-V+VII:anti-holoenzyme in vitro normalized to the ratio of radioactivity precipitated by anti-V+VII: anti-holoenzyme in vivo as a measure of the degree of integration of subunits 1, 11, and III labeled in vitro. As can be seen from Table 2 , the ratio of radioactivity precipitated by anti-V+VII:anti-holoenzyme is 0.35 for mitochondria labeled in vitro and 0.46 for mitochondria labeled in vivo. Therefore, we conclude that the majority (i.e., 0.35/0.46 = 76%) of subunit 1, II, and III molecules labeled in vitro are in the integrated state.
DISCUSSION
Although protein synthesis by isolated mitochondria was reported as early as 1958 (16) , there has been a continuing controversy regarding the nature of polypeptides synthesized in vitro, particularly those isolated from higher eukaryotic cells (17) . It has even been suggested by Hochberg et al. (18) that mitochondrial protein synthesis in vitro may be an artifact resulting from the binding of radioactive amino acids to mitochondrial membranes. This claim, however, now appears to have been incorrect (19) , as recent studies have shown that the mitochondrial translation products in vitro and in vivo in HeLa cells (20) , BHK-1 cells (21), and rat liver (19) give similar patterns on NaDodSO4-polyacrylamide gels. In this study we (12, 23) , our independent confirmation demonstrates that the conclusions derived from these studies in vivo regarding the mitochondrial origin of subunits I, II, and III of cytochrome c oxidase are essentially correct.
Perhaps the most intriguing observation of the above study is that the major portion of subunit I, II, and III molecules that are labeled in vitro is integrated with the cytoplasmically made subunits of the enzyme. This suggests the existence of either a pool of unintegrated cytoplasmically made subunits inside of the mitochondrion or an equilibrium of cytoplasmically made subunits between the holoenzyme and a pool of unintegrated subunits. In either case, it seems important to examine further the role, if any, of such a pool in the synthesis of mitochondrially made subunits of cytochrome c oxidase, particularly in view of the increasing body of evidence from studies in vivo that suggests that the accumulation of cytoplasmically made proteins stimulates the synthesis of specific mitochondrially made proteins (19, 24, 25) .
